where R is the spectral responsivity in A W −1 , A is the device active area in m 2 , B is the detection band width in Hz, and i noise is the noise current in A. [1, 7] An important contribution to i noise is the dark current density (J d ), which can span multiple orders of magnitude depending on the material properties and device architecture. [2, 4] Since minimizing J d while maintaining a high responsivity is a prerequisite for high detectivity OPDs, an enhanced understanding of the mechanism that determines J d can thus direct further detectivity improvement strategies.
The intrinsic dark current of OPDs is typically attributed to either charge carrier injection from the metal contacts into the organic semiconductor [4, 5, 8] or to bulk thermal generation within the active layer. [9, 10] Whereas thermal generation typically makes a limited contribution to J d as organic materials have a relatively large bandgap (>1 eV), [2] charge injection may not be negligible under an applied reverse bias voltage. As such, modifying the metal-semiconductor interfaces by introducing electron and hole blocking layers (EBLs and HBLs) to suppress charge injection is a common strategy to reduce J d , [5, 11, 12] along with increasing the active layer thickness. [13] Photomultiplication is another strategy to enhance OPD performance. [14] [15] [16] However, despite the importance of J d , a quantitative relation between its magnitude and BHJ properties, such as the energetic landscape and charge transport characteristics, remains unestablished. This study aims to clarify the relationship between J d and the properties of the organic semiconductor blend, with a view to providing material selection guidelines to improve BHJ OPD sensitivity.
Herein, we investigate J d in BHJ OPDs based on five different polymer donors with widely varying optical bandgaps, each combined with a common fullerene acceptor. The active layer thickness (≈280 nm) and the contact layers are kept the same in all OPDs. We show that at −2 V reverse bias, J d depends substantially on the polymer donor, differing by five orders of magnitude. Furthermore, for the OPDs analyzed in this work the current density, measured in the dark at −2 V, correlates exponentially with the open-circuit voltage (V oc ) measured under a simulated solar spectrum. This suggests that J d Minimizing the reverse bias dark current while retaining external quantum efficiency is crucial if the light detection sensitivity of organic photodiodes (OPDs) is to compete with inorganic photodetectors. However, a quantitative relationship between the magnitude of the dark current density under reverse bias ( J d ) and the properties of the bulk heterojunction (BHJ) active layer has so far not been established. Here, a systematic analysis of J d in state-of-the-art BHJ OPDs using five polymers with a range of energy levels and charge transport characteristics is presented. The magnitude and activation energy of J d are explained using a model that assumes charge injection from the metal contacts into an energetically disordered semiconductor. By relating J d to material parameters, insights into the origin of J d are obtained that enable the future selection of successful OPD materials.
The ORCID identification number(s) for the author(s) of this article can be found under https://doi.org/10.1002/adom.201901568.
Solution processed organic photodiodes (OPDs) are attracting attention for use as photodetectors since they possess several advantages over their inorganic counterparts. These include a higher absorption coefficient, greater color selectivity, and compatibility with low temperature solution processing that enables cost-effective, large-area image detectors. [1] [2] [3] The bulk heterojunction (BHJ) architecture, comprising a phaseseparated blend of a donor polymer and a fullerene acceptor sandwiched between charge extraction layers, is widely employed [4] [5] [6] to enhance photocarrier generation at the donoracceptor interface and charge extraction via bicontinuous depends on the effective bandgap, defined as the energy difference between the lowest unoccupied molecular orbital (LUMO) of the acceptor and the highest occupied molecular orbital (HOMO) of the donor. However, we counterintuitively find that the thermal activation energy of J d (≈0.25 eV) is much lower than expected from the acceptor LUMO-donor HOMO energy difference and nearly independent of the donor polymer. To rationalize these findings, we propose a simple model based on charge injection from the contacts into an energetically disordered semiconductor that explains the J d magnitude and thermal activation energy for all donor polymers.
We (OC 1 C 10 -PPV), and poly[N-9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), each blended with phenyl-C 61 -butyric acid methyl ester (PC 61 BM). The chemical structures are displayed in Figure 1a . To determine the energy levels in the BHJ that define the effective bandgap, we measured the HOMO energies of PDPP5T, PDPP3T, OC 1 C 10 -PPV, and PCDTBT ( Figure 1b ) by ultraviolet photoelectron spectroscopy (UPS) ( Figure S1 , Supporting Information). The HOMO of PDPPSDTPS was taken from ref. [17] . The LUMO of PC 61 BM was taken from ref. [18] and was measured with low-energy inverse photoelectron spectroscopy (LEIPS).
All OPDs investigated comprise a Mo/MoO x bottom contact and a semi-transparent LiF (1 nm)/Al (1.5 nm)/Ag (10 nm)/ ZnS (30 nm) top contact to extract under reverse bias the photogenerated holes and electrons, respectively. Considering the top electrode, LiF/Al creates a low work function contact, the Ag layer ensures good lateral conductivity, and the ZnS layer is used as a dielectric to improve light in-coupling. The OPD architecture is shown in Figure S2 , Supporting Information. The conditions for depositing the BHJ layers (see the Experimental Section) have been previously optimized to achieve optimal BHJ morphologies with maximal photocurrent response. [19] [20] [21] [22] [23] PDPPSDTPS, PDPP5T, and PDPP3T blends with PC 61 BM have an optimal polymer to fullerene weight ratio of 1:2 while for OC 1 C 10 -PPV and PCDTBT this ratio is 1:4. In the optimized blends both components are well-mixed in all directions and the dimensions of phase separated domains are typically less than 20 nm. Both components contact both electrodes and percolating pathways for holes and electrons exist throughout the film. Importantly, the photoactive layer thickness was kept the same (≈280 nm) in all OPDs, thereby ensuring the same effective electric field under a given applied voltage.
The dark current density-voltage (J-V) characteristics are shown in Figure 1c for all OPDs. J d at −2 V varies by nearly five orders of magnitude depending on the polymer. It has previously been shown that extrinsic shunt paths caused by substrate defects, dust particles, or localized fluctuations in material properties can result in local increases in leakage currents and thus random variations in J d amongst nominally identical devices. [24, 25] By using relatively thick semiconductor layers (≈280 nm) such effects are reduced, leading to J d variation (at −2 V) of less than a factor of 2 within device batches ( Figure S3 , Supporting Information). Although extrinsic shunt paths cannot be completely ruled out in these OPDs, their existence cannot explain the five orders of magnitude difference in J d across five different donor:acceptor blends given the comparatively minor intra-batch variation. Thus, we attribute the differences in J d listed in Table 1 to the intrinsic properties of the BHJ layers, specifically the energetic landscape and contingent charge transport characteristics. The responsivity (R) ( Figure 1d ) and external quantum efficiency (EQE) spectra ( Figure S4 , Supporting Information) of the OPDs recorded at −2 V are consistent with the optical absorption spectra of the BHJ blends for the different polymers, although their values (Table 1) are somewhat limited by the semi-transparent Ag/ZnS top contact.
We begin our discussion on the relationship between the BHJ characteristics and dark current by noting that J d at −2 V shows an exponential correlation with the V oc of the same devices operating in photovoltaic mode under simulated solar illumination (Figure 2 ). Since J d and V oc are measured under entirely different illumination and voltage bias conditions, this correlation is intriguing. The V oc of BHJ photovoltaic devices is known to vary linearly with the energy difference between the acceptor LUMO and donor HOMO, [17, 26] here referred to as the effective bandgap (E g ). Indeed, we find that the V oc depends linearly on E g , with slope of the linear fit equal to 1 ( Figure S5 , Supporting Information). Hence, the exponential correlation between J d and V oc suggests that the former depends on the effective bandgap E g .
Further insight into the origin of J d can be inferred from the dark current thermal activation energy E a , determined from an Arrhenius plot of J d against reciprocal temperature (Figure 3) . In this experiment, J d was measured at each temperature by recording the current density versus time under an applied bias voltage of V = −2 V ( Figure S6 Information) until a constant value was reached. This procedure eliminates contributions from displacement currents arising from the voltage sweep that become more significant at lower temperatures. E a values were obtained from a fit of
, with k B the Boltzmann constant and T the absolute temperature (dashed lines in Figure 3 ). The correspondence between the linear fits and the data is not perfect, but does provide a first approximation. Notably, the E a values are much lower than any energy difference that can be expected from the HOMO and LUMO levels presented in Figure 1b . Furthermore, the temperature activation of J d is very similar for the five OPDs (E a = 0.25 ± 0.03 eV), despite the more than five orders of magnitude difference in the absolute values of J d near room temperature. Crucially, this comparative invariance in E a strongly indicates that bulk thermal generation from the polymer HOMO to the fullerene LUMO cannot be the dominant origin of J d , since that would result in E a being approximately proportional to E g . Below, we show that this unintuitive behavior of the activation energy can be quantitatively explained by considering the influence of energetic disorder on charge injection and transport.
We propose a simple model that relates the temperature dependent magnitude of J d to the energy difference between the acceptor LUMO and the donor HOMO. The model assumes that Mo/MoO x and LiF/Al form Ohmic contacts with the polymer HOMO and the PC 61 BM LUMO, respectively. It further assumes that continuous donor and acceptor paths exist between the two electrodes. Since bulk thermal generation is demonstrated to be a negligible contributor to J d (see Figures S7 and S8, Supporting Information), we assume that the dark current density is primarily due to charge carrier injection from the contacts into the BHJ active layer. We have defined bulk thermal generation as any process that does not require charge injection from the contact layers. This encompasses excitations from the ground state to an excited state on the donor or acceptor, but also excitations to the donor-acceptor charge transfer (CT) state or to sub-bandgap states from which free charges can be generated and collected. [27] In fact, bulk thermal generation will be dominated by the latter two possibilities due to their lower transition energies. We note that the internal quantum efficiency (IQE) has been shown to be independent of whether donor, acceptor, or CT states are excited, [28] and thus that additional excitation is generally not required to generate free charge carriers.
In our model, electrons are injected from the high work function MoO x electrode into the tail states of the PC 61 BM LUMO under reverse bias, while holes are injected from the low work function LiF/Al electrode into the polymer HOMO tail states (Figure 4a) . Since both BHJ components are in contact with both electrodes, electron injection and transport will mainly occur via the lowest-energy LUMO (i.e., of the acceptor) and hole injection and transport via the highest-energy HOMO (i.e., of the donor). The work functions of MoO x and LiF/Al can be assumed to align with the top of the Gaussian density of states (DOS) of the donor HOMO and acceptor LUMO, respectively. Under this assumption, the injection barrier is related to the energy difference between the acceptor LUMO and the donor HOMO. We express the reverse bias injection-limited current density as the product of the charge carrier density at the metal-semiconductor interface n int and the carrier mobility µ 0 in the bulk of the active layer: [29, 30] 
where i = e for electrons and i = h for holes, A i is a dimensionless factor discussed below, and F is the effective electric field given by F = V/L, with V the applied voltage and L the active layer thickness. We assume that n int at the contacts is established by thermal equilibrium between electrons and holes via an effective injection barrier. When the HOMO and LUMO DOS have a Gaussian shape, the effective injection barrier Φ inj is equal to the effective bandgap E g minus a term proportional to the thermal equilibrium energy,
Gaussian DOS width (standard deviation) at the electrode interface. [31] Φ inj is further reduced by the image potential barrier lowering [32] (Figure 4b Because the BHJ OPDs are operated at relatively moderate reverse-bias electric fields (F ≈ 7 × 10 −6 V m −1 ), we assume that the hole injection process only occurs into the nearest sites in the polymer, i.e., the sites immediately adjacent to the interface, and likewise that electron injection only occurs into the PC 61 BM sites nearest to the opposite electrode. Under these conditions, the concentration of carriers at the top of the barrier
and with N t,i the volume density of molecular sites between which the hopping takes place. The mobility µ 0,i in the zerofield limit and at carrier densities in the independent-particle (Boltzmann) regime is equal to the product of the mobility in the infinite temperature limit, µ 0, * i , and a temperature-depend-
where σ b,i is the bulk DOS width and C i ≈ 0.4 within the extended Gaussian disorder model (EGDM). [33] Thus, the current density is given by
The dimensionless prefactor A i would be equal to unity for a symmetric device with large injection barriers in which the carrier density is uniform across the active layer thickness. [31] Using kinetic Monte-Carlo (KMC) simulations we verified that Equation (3) accurately describes the voltage and temperature dependence of J d for symmetric unipolar OPDs when σ int,i = σ b,i , with A i values of the order of unity (see Figure S9 and Table S1, Supporting Information). We show below that Equation (3) can indeed describe the observed reverse bias dark current densities, albeit using a value of σ int for holes that is somewhat larger than σ b .
In the remainder of this work, we use Equation (3) to describe the absolute value and temperature dependence of J d for all BHJ OPDs. σ b,i , N t,i , µ 0, * i , and C i are experimentally determined from the analysis of J-V characteristics of symmetric unipolar BHJ OPDs using the EGDM (Figures S10-S14, Supporting Information). E g ( Table 2 ) is taken as equal to the energy difference between the PC 61 BM LUMO and the polymer HOMO energies measured with UPS. Figure 3 shows the calculated J d using Equation (3), with σ b,i , N t,i , µ 0, * i, and C i values as determined from EGDM analysis. We fit the experimental dark current densities using E g,fit , σ int,h , and A i,fit as fitting parameters ( Table 2) . The E g,fit values match very well to the expected E g , within the experimental error of the UPS data (≈0.1 eV). [17] We found that when σ int was set equal to σ b , the experimental activation barriers would not be reproduced correctly. However, a slight increase of σ int for holes compared to σ b resulted in good experimental correspondence. In Figure S15 (Supporting Information) we show that for all BHJ systems a much larger increase of σ int for electrons would be required to obtain good agreement with the experimental data. This indicates that broadening the DOS width of the HOMO at the interface is more likely to determine the experimental J d . Optimal fitting of the experimental data was obtained using the σ int,h values in Table 2 for holes, while keeping σ int,e = σ b,e . We note that the optimal σ int,h values are proportional to and systematically higher than σ b,h (by a common factor of ≈1.4), possibly indicating a broadening of the DOS at the interface between the active layer and the LiF/Al top contact. This effect was modeled using KMC simulations ( Figure S16 , Supporting Information). The KMC simulations predict a larger effective DOS width for holes near the low work function electrode due to the high density of electrons at the metal contact, enhancing hole injection into the polymer HOMO, and vice versa for the electrons near the high work function electrode. Notably, A i values were found in each polymer to be of the order of 10 −3 , i.e., much lower than the theoretical value of unity, for both electrons and holes. Although at present we are unable to offer a definitive explanation, we propose three possible reasons for the current reduction: charges captured by trap states not contributing to J d , the applied model not fully accounting for the image potential, and spatially inhomogeneous charge injection due to the filamentary BHJ energetic landscape.
To ascertain the wider applicability of our model, we characterized the energetic disorder and the charge carrier mobility of pure polymer films, as opposed to the BHJ films discussed above (Figures S17 and S18, Supporting Information). We found that both σ b,h and µ 0,h at room temperature change drastically Adv. Optical Mater. 2019, 1901568 Table 2 . Hole and electron disorder parameter σ b,i in the bulk of the active layer, volume density of molecular sites N t,i , zero-field, zero-carrier density mobility µ 0, * i in the infinite temperature limit, and C i parameter all as determined from EGDM analysis on single carrier BHJ OPDs. E g is the effective bandgap as determined from UPS measurements. E g,fit , σ int,h , and A i,fit are the effective bandgap, disorder parameter for holes at the interface, and prefactor used to fit experimental data in Figure 3 , respectively. when compared to the blend due to the absence of PC 61 BM (Table S2 , Supporting Information). [34] In addition, the changes in σ b,h and µ 0,h at room temperature are strongly dependent on the specific polymer. Therefore, studying the energetic disorder and the carrier concentration dependent mobility function in the pure polymer is less relevant to understand the dark current of BHJ OPDs. Furthermore, we calculated the voltage dependence of J d at room temperature for all BHJ OPDs using our model, as shown in Figure S19 (Supporting Information). The model can relatively well explain the voltage dependence at moderately high bias (−2.5 V < V < −0.5 V) but is less accurate at lower bias (−0.5 V < V < 0 V). This might be due to an inadequate description of the injection process at very low electric fields.
Additionally, we note that the experimental temperature dependence of J d at V = −2 V is comparable to that of the holeonly current density ( Figure S20 , Supporting Information). In our model, the reverse bias dark current density is dominated by hole injection into the tail states of the polymer HOMO for all BHJ systems, due the higher value of σ int,h compared to σ int,e = σ b,e . It is likely that this corresponds to the actual situation, as Figure S15 (Supporting Information) shows that relatively large changes in σ int,e would be required to reach agreement with experiment. Equation (3) provides insight into the temperature dependence of the activation energy via
The second term in the right-hand part of this expression is negative, as 2C h ≈ 0.75 and σ int,h 2 ≈ 2σ b,h 2 . Equation (4) explains how the lower than anticipated activation energies of J d are based on the reduction of the effective injection barrier due to the Gaussian energetic disorder. Furthermore, it successfully describes how E a decreases at lower temperatures, as shown in Figure S21 (Supporting Information). Notably, E a depends on the image potential barrier lowering ΔΦ b and thus it is expected to decrease with increasing reverse bias voltage. The agreement between Equation (4) and E a measured at different bias voltages might be an interesting subject of further research.
Finally, from the measured unipolar J-V curves of devices with Ohmic contacts (Figures S10-S14, Supporting Information) it may be expected that for the materials studied the dark current density under forward bias (V = +2 V) is determined almost completely by the electron contribution. Quantitatively, such a conclusion would also follow from the ratio holes in the Boltzmann regime, which provides the relevant comparison for these rather thick (≈280 nm) devices for the relatively low voltage used. For PCDTBT, e.g., the electron:hole mobility ratio (from Table 2 ) in this regime at 298 K is approximately equal to 1200. Consistent with this view, Figure S20 (Supporting Information) shows that under forward bias the temperature dependence of J d is identical to that of the electron mobility in the Boltzmann regime. Thus, the current density in forward bias is mainly dominated by electron transport via PC 61 BM, in line with previously reported observations for polymer:fullerene BHJ solar cells. [35, 36] In conclusion, for five different polymer:PC 61 BM photodiodes we find that the dark current density under reverse bias correlates exponentially with the V oc of the same devices under simulated solar light. This confirms the expected scaling of J d with the effective bandgap of the semiconducting active layer. However, the temperature dependence of J d reveals activation energies much smaller than the effective bandgap. The magnitude of J d and its activation energy can be described quantitatively by including the effect of Gaussian energetic disorder of the organic semiconductor on the injection and transport of electrons and holes. In addition, the low and approximately invariant E a values (≈0.25 eV) for each polymer indicate that the dark current is predominantly due to injection and transport of carriers via low energy sites in the disordered semiconductor, rather than thermal excitation of carriers across the electronic gap. In the five polymer-fullerene OPDs, the reverse bias J d is dominated by hole current because of the higher energetic disorder of the polymer compared to the fullerene acceptor, which results in a lower barrier for hole injection compared to electron injection. Under forward bias, no appreciable barriers for charge injection exist and then J d is dominated by the electron current, because the electron mobility is higher than the hole mobility. Further reduction of the dark current, and thus improvement of OPD detectivity at a given photon energy, may thus be achieved by reducing the energetic disorder of the organic semiconductors, [10] or by otherwise reducing injection of carriers under reverse bias. [5, 11, 12] The open-circuit voltage of each OPD analyzed in this work was recorded in a N 2 -filled glove box under simulated solar light using a tungsten-halogen lamp coupled to a UV filter and daylight filter (Hoya LB120). The EQE setup was based on a tungsten-halogen lamp, a chopper, a monochromator (Oriel, Cornerstone 130), a preamplifier (Stanford Research Systems SR570), and a lock-in amplifier (Stanford Research Systems SR830 DSP). The active area for EQE measurements was defined by a circular aperture of 1 mm in diameter. Sub-bandgap EQE spectra were acquired by irradiating each OPD with monochromatic light (Oriel Cornerstone 260) (10 nm band width, modulated at 330 Hz). The sensitivity was enhanced using a preamplifier (Stanford Research Systems SRS500, also used to apply a −2 V bias) and a lock-in amplifier (Stanford Research Systems SRS830). The subgap EQE spectra were corrected for the illumination intensity (determined from calibrated Si and InGaAs photodiodes), and then scaled to EQE values determined in the main absorption band.
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